determined using energy dispersive X-ray spectroscopy (EDS) in a scanning transmission electron microscope (STEM). 11 As shown in Table I , each catalyst incorporated in the MEA had a different initial average Co content, e.g., 34, 20 , and 15 mol%, as measured in the cathode catalyst layer (CCL), for catalysts H, M, and L, respectively. Catalysts H and M were supplied as powders. Catalyst H was incorporated into the cathode catalyst layer of an MEA fabricated by IRD Fuel Cells at a loading 0.2 mg-Pt/cm 2 . Catalyst M was made into an ink and MEAs were fabricated in-house using an ultrasonic spray coating technique with a cathode catalyst loading of 0.1 mg-Pt/cm 2 . Catalyst L was received only as an MEA fabricated by General Motors (GM) with a CCL loading of 0.1 mg-Pt/cm 2 . The high-angle annular darkfield (HAADF)-STEM images in Fig. 1 clearly show that each of these catalysts had a different nanoparticle size and morphology. Catalyst H exhibited a "spongy" porous (hollow) crystalline morphology with ∼7 nm mean Pt-Co particle size after MEA conditioning; Catalyst M exhibited a fully alloyed, dense crystalline morphology with ∼4.4 nm mean Pt-Co particle size after MEA conditioning; and Catalyst L had a fully alloyed, dense crystalline morphology with a ∼4.5 nm mean Pt-Co particle size. None of these catalysts exhibited any structural (lattice) ordering or elemental segregation (e.g., core-shell).
Testing and characterization.-The MEAs were assembled with SGL 25BC gas diffusion layers (GDLs). MEAs were tested using a 50 cm 2 test cell with single channel serpentine flow fields, which was controlled by a fuel cell test stand (Fuel Cell Technologies, Albuquerque, NM). An accelerated stress test (AST) recommended by the U.S. Department of Energy Fuel Cell Technologies Office 12 was used to evaluate the durability of the cathode electrocatalysts. The AST utilizes a nitrogen sweep gas on the cathode and a hydrogen sweep gas on the anode, and 30,000 square wave cycles with a 0.6 V cathode lower potential limit (LPL), 0.95 V cathode upper potential limit (UPL), and 3 s holds at both LPL and UPL. The cell conditions were 80
• C, 1 atm, and 100% relative humidity (RH) for both hydrogen and nitrogen, with flow rates of 200 sccm and 75 sccm, respectively. Changes in cell performance were monitored by measuring polarization in H 2 -air, high frequency resistance (HFR), electrochemically-active surface area (ECSA), impedance in air and helox (79% He, 21% O 2 ), and mass activity. These measurements were made at beginning of test (BOT) and after 1000 (1 k), 5,000 (5 k), 10,000 (10 k), 20,000 (20 k) and 30,000 (30 k) cycles, i.e., at end of test (EOT). ECSA was determined from hydrogen under-potential deposition (H upd ) in cyclic voltammetry (CV) between 0.085 and 0.65 V (vs. reversible hydrogen electrode (RHE)) at 80
• C, 2.7 atm, and 20 mV/s scan rate. The H 2 crossover rate was evaluated under the same test conditions as the ECSA measurements.
The cell polarization curves were measured with H 2 /air at 80
• C and 100% RH. The cell backpressure was 2.8 atm and the flow rates were adjusted for stoichiometric ratios of 1.2 at the anode and 2.0 at the cathode, for current densities exceeding 0.2 A/cm 2 . At lower current densities, the anode and cathode flow rates (on a dry basis) were kept constant at 42 sccm and 166 sccm, respectively. All polarization tests were obtained by varying the cell potential with 30 s hold times, starting from open circuit voltage (OCV) to 0.8 V in increments of 20 mV and from 0.8 V to 0.3 V in increments of 50 mV, followed by an up-scan to OCV. Mass activities were measured in H 2 /O 2 at 80 • C, 100% RH, and 150 kPa absolute back pressure. Measurements were made by first reducing the cathode at 0.1 V for 15 min. under a H 2 /N 2 environment, switching the cathode flow to O 2 , and holding the potential at 900 mV for an additional 15 min. Mass activities were evaluated based on the average iR and H 2 crossover-corrected current during the last minute of the potential hold.
X-ray scattering characterization.-The catalyst particle sizes and d-spacing of atomic planes within the catalysts particles were determined using X-ray scattering at beam line 9-ID at the Advanced Photon Source at Argonne National Laboratory. The cathode layers from the CCMs were transferred onto Scotch tape using a simple press-peel technique and characterized using monochromatic X-rays ranging in energies from 16.8 to 21 keV. The scattered X-ray intensity was obtained over a range of scattering angles/scatterer dimensions using the combined ultra small-angle X-ray scattering (USAXS), pinhole small-angle X-ray scattering (pinSAXS), and wide-angle X-ray scattering (WAXS) using the combination of a Bonse-Hart camera for USAXS and a Pilatus 100 K detector for pinhole SAXS and WAXS. The complete scattered intensity, I(q), was then obtained by combining the USAXS (10 −4 to 6 × 10 −2 Å −1 ) and the pinhole SAXS (3 × 10 −2 to 1 Å −1 ). The WAXS data covered a d-spacing range from approximately 6 Å to 0.8 Å. The background scattering from Scotch tape was collected and subtracted from the scattering data for each CCL sample. The combined USAXS-SAXS data analysis utilized Irena, a suite of macros written for the Igor Pro software platform by Jan Ilavsky of Argonne National Laboratory. The SAXS scattering data were fit with a lognormal distribution in the Q range of 0.03 to 0.40 Å −1 to obtain catalyst particle size distributions. This Q range corresponds to a particle size range of ∼1.5 to 18 nm. The fit assumed the catalyst particles to be poly-dispersed spheres, which is the morphology consistent with the STEM images shown in Fig. 1 . The WAXS data analysis utilized powder diffraction multi peak fitting 2.0, an Irena macro.
Catalyst H
Catalyst M Catalyst L Figure 1 . HAADF-STEM images of catalyst morphologies and particle size distributions for IRD catalyst H (left), Umicore catalyst M (center), and GM catalyst L (right).
) unless CC License in place (see abstract Figure 2 shows the changes in the properties of all three MEAs over the course of AST potential cycling. From the measured polarization data, Fig. 2a , the cell voltage at 0.8 A cm −2 after 30 k cycles compared to BOT decreased by 32 mV for the Catalyst H cell, 36 mV for the Catalyst M cell, and 27 mV for the Catalyst L cell. The corresponding voltage decreases at 1.5 A cm −2 were 90 mV, 121 mV, and 148 mV, respectively, clearly indicating a much higher decrease for the two cells with lower initial Pt loading (M and L). Catalyst H, with an initial mean particle size of ∼7 nm, showed virtually no change in ECSA during the 30 k cycles AST, whereas the M and L catalysts with smaller initial mean particle sizes (∼4.5 nm) showed ECSA losses of ∼40% after 30 k potential cycles, Fig. 2b . The measured mass activity (Fig. 2c) for all three catalysts at BOT significantly exceeded 440 mA/mg Pt , which is the U.S. Department of Energy ORR mass activity target for automotive applications. 1 However, all three catalysts showed significant mass activity losses of 47-61% after 30 k cycles, with the final mass activities approaching values typical of dispersed Pt/C catalysts that have been heat-treated to grow to similar size (5-6 nm). 13 The bulk, average Pt:Co ratio in the CCLs, as well as the Pt:Co within individual particles as a function of particle size, were measured using STEM-EDS. Changes in the {111} lattice spacing of the fresh and aged catalyst particles (catalysts H, M, L) were measured using WAXS. Figure 2d shows SAXS-determined for the three Pt-Co catalyst (H, M, L) particle size distributions in the CCL for the fresh MEA and after 30 k cycle AST. Catalyst H showed a very small change in the Pt-Co particle size, where the mean particle diameter increased from ∼7.0 to 7.6 nm as a result of 30 k cycling AST. Catalysts M and L showed increases in the mean Pt-Co particle sizes from 4.4 and 4.5 nm, respectively, to 5.4 and 6.0 nm, respectively. The data indicate more growth of the Pt-Co particles for the catalysts with smaller initial mean diameters (catalysts M and L at BOT), which is also consistent with the observed higher ECSA losses for these catalysts. Figure 3 shows STEM cross-section images of the CCL's with catalyst H and L compared at BOT and EOT conditions, respectively. The EOT images show measurable thinning of both of the aged CCLs due to carbon corrosion combined with CCL compaction. CV studies in H 2 /N 2 and potentiodynamic studies in H 2 /air confirm that the carbon support oxidizes, albeit slowly, to CO 2 under normal fuel cell operating conditions over a potential range of 0.4 to 0.95 V. 14, 15 There is also evidence for dissolution of Pt from the CCL, which is supported by the significant amount of Pt precipitation in the membrane adjacent to the CCL.
Results and Discussion
STEM-EDS data ( Fig. 4a ) was acquired for individual Pt-Co nanoparticles within the CCLs, both before and after 30 k cycles (BOT and EOT), for catalyst H, M, and L ( Fig. 4a show data only for catalyst M, with BOT data shown in blue) and demonstrates that the catalyst nanoparticle composition (Pt:Co) depended on the nanoparticle size at BOT, e.g., larger particles were consistently Co-rich and smaller particles were consistently Pt-rich (this composition-size dependence was similar for all three catalysts, H, M, and L). Significant Co dissolution out of the individual Pt-Co nanoparticles (∼40-60%) occurred during the 30 k cycle AST, as compared in Fig. 4a (compare data for BOT in blue to EOT in red) and summarized for all three CCLs in Fig. 4b . It is interesting to note that the data provided in Table I indicated that catalyst powder for H and M had a higher Co content than that measured after incorporation of the same catalyst powders into CCLs and MEAs (note that powders of catalyst L were not available); thus, some Co dissolution from the Pt-Co nanoparticles occurred during electrode and MEA fabrication, as well as during the conditioning/testing step applied prior to the AST.
The H, M, and L, respectively. The average Pt (blue bars) and Co (red bars) molar ratios were calculated from the acquired d-spacing values (using Vegard's law) and are also included in Fig. 4c , for catalysts H, M, and L, respectively. These data indicate that the Pt-Pt (111) d-spacing for the EOT Pt-Co alloys, most notably catalysts H and M, increased and approached values closer to that for pure Pt due to extensive dissolution of the Co out of the catalyst nanoparticles during the 30k cycling AST; catalyst L, the SOA Pt-Co GM catalyst did not lose as much Co from the nanoparticles percentage-wise during the 30k cycle AST compared to catalysts H and M. STEM-EDS analysis of cross-sections of the EOT MEAs showed that Co is found in the ionomer in the CCL and in the membrane in equivalent amounts, however, Co was not found in the anode catalyst layer.
A formal methodology to analyze the polarization data was implemented to infer the effect of aging on proton transport, ORR, and O 2 mass-transfer. The starting point was to estimate the CCL ionic conductivity from the known values of I/C, Pt/C and CCL thickness, and Pt oxide coverage and kinetics from the CV data. Next, we used a distributed ORR kinetic model to analyze the polarization data at low current densities to determine the kinetic and ionic overpotentials. In the final step, the complete set of polarization data was analyzed to determine the mass transfer overpotentials at high current densities.
Neglecting O 2 mass transfer effects and anodic overpotentials, the observed cell voltage (E) measured at a low current density (i) can be written as:
where R m is the cell HFR resistance, R c is the ionic resistance in the CCL, and η c s is the kinetic overpotential for ORR. In this work, we modified the Tafel kinetics model for ORR to incorporate the influence of catalyst surface oxides in blocking O 2 adsorption on Pt sites. [16] [17] [18] 
For oxide-dependent kinetics, the data are consistent with αn = 0.5, which corresponds to 140 mV/decade Tafel slope at 80
• C and low cathode potentials where θ ∼ = 0. The effect of ORR inhibition due to surface oxide formation resides in the blocking of available Pt surface sites through the term (1 − θ) and in altering the adsorption energy of ORR intermediates through a Temkin isotherm energy barrier, ω. In this work, the oxide coverage, θ, is the sum of OH and O formed on Pt as discussed below.
Oxide formation.-The electrochemical surface oxidation of Pt electrodes occurs at potentials >0.7 V. While polycrystalline Pt is known to form stable platinum oxide species (PtO x ) as well as protonated intermediates (Pt x OH), the nature of the oxide growth on Pt electrodes is still much in debate. [19] [20] [21] [22] [23] [24] Studies using X-ray photoelectron spectroscopy combined with density functional theory (DFT) and Monte Carlo simulation have identified various types of adsorbed species as a function of electrochemical potential. 20, [25] [26] [27] At low potentials, E < 0.60 V, H 2 O appears to be the dominant surface species. Above 0.70 V, the hydroxyl group, OH, begins to appear from the oxidation of H 2 O. At still higher potentials, OH is further oxidized to O on the catalyst surface. For the higher surface coverages achieved at steady-state potentials above 1.05 V, or for long times at higher potentials, O adsorbs onto higher coordinated subsurface sites resulting from the place-exchange of Pt and O and the formation of an α-PtO 2 -like oxide. 25 On the basis of this literature data, the fractional coverages of Pt oxides formed at potentials up to 0.95 V were determined by considering two consecutive reactions. 
Pt O H
As in previous work, the reaction constants were derived by analyzing the reduction charges measured in CV traces obtained after long potentiostatic holds. We used the data reported by Arisetty et al. 28 who measured the reduction charges for Pt/C and PtCo/C catalysts as function of hold time and potential in a N 2 /H 2 atmosphere at 80
• C and 100% RH. Figure 5a shows their data for holds at 0.75-0.95 V for times up to 2 h, and cathodically reducing the oxides by scanning back to 0.05 V.
We regard the oxide formed after the 2-h hold as pseudo-steadystate (or "pseudo-equilibrium"), recognizing that Pt may continue to oxidize beyond this time, albeit at a diminishing rate. We define the equilibrium constants for Reactions 4, 5 as follows.
Here, θ i denotes the fraction of Pt sites that are free or occupied by OH and oxide species. We let the equilibrium expression be 
coverage-dependent through the energy, ω, accounting for oxide interactions on the surface. 1 , and x 2 , determined to match the reduction charges measured after 2-h holds at different potentials (Fig. 6a) . Figure 6b compares the modeled equilibrium extent of Pt oxidation (θ = θ O H + θ O ) for PtCo/C and Pt/C catalysts, assuming that only PtOH and PtO form at these potentials. It clearly shows higher oxidation of Pt in PtCo/C than in Pt/C, indicating that while Pt in the alloy catalyst is more active for ORR, it also forms thicker oxides. Next, we determined the kinetic constants for Reactions 4 and 5 by comparing oxide formation at different potentials and variable hold times between 30 s and 2 h. This was necessary as the equilibrium Pt oxide coverage cannot be directly used to analyze the polarization curves obtained at fast scan rates. The Pt oxidation currents (I PtOH, and I PtO ) were represented by the following equations that reduce to Eqs. 6-7 in the equilibrium limit, 
[9] Here, we assumed that the kinetic constants are functions of oxide coverage. Having defined the reaction rates, the oxide coverage is calculated by solving the following site balance equations,
In addition to the data shown in Fig. 5a , we used the current structure in a typical cathodic scan to determine the rate constants, k 1 f , k 2 f , ω 1 and ω 2 , and these are listed in Table II . Figure 5b presents the oxide coverage calculated from the kinetic model for the increasing voltage scans with 30-s hold times used in the polarization protocol showing that the modeled θ for the increasing voltage scans is ∼30% smaller than the corresponding equilibrium values at voltages in the kinetic region.
ORR kinetics.-Even in the absence of O 2 mass transfer resistance, the ORR kinetics at high current densities can be highly non-uniform across the cathode thickness because of the ionomer's finite proton conductivity. An analytical solution for the local ORR rate can be derived and is available in the literature for oxide-coverage independent Tafel kinetics. 29 A numerical solution is required for oxide-coverage dependent Tafel kinetics, which can be obtained by solving the following equation for the ionic potential ( i ) in the cathode electrode: [14] that are subject to the boundary conditions,
at the membrane/cathode interface [15] ∇ i = 0 at the GDL/cathode interface [16] For convenience, the oxide coverage, θ, evaluated by solving Eqs. 10-12 for 30 s hold at potential was fitted to the following [17] Assuming that σ i σ e so that e = E, we used the above model to determine the ORR kinetic constants for the three catalysts using the polarization data at low current densities (<0.5 A.cm −2 ) where the mass transfer effects can be neglected. A regression analysis was conducted to determine i 0 and ω for specified αn and γ and known θ(E) (see Fig. 6b ) and measured ECSA ( A Pt ) changes with cycles. Figure 7 presents the derived changes in kinetic constants, i 0 and ω, for catalyst H with aging. The exchange current density (i 0 ) in Fig. 7a declines sharply over the first 1000 cycles and more gradually thereafter. Figure  7b shows only a small change in the degree (ω) to which the surface oxides inhibit ORR kinetics. Considering the moderate growth in particle size observed for this catalyst (7.1 nm to 7.6 nm; see Fig. 2 ), we conclude that the decrease in i 0 may be attributed primarily to the leaching of Co from the catalyst. Figure 7c shows a good agreement between the mass activities measured in H 2 /O 2 and the values calculated from the ORR kinetic model (with constants derived from H 2 /air polarization data) for 0.9 V IR-corrected cell voltage, P(O 2 ) = 1 atm, and 100% RH. Only 10% of the degradation in mass activity for Catalyst H is due to ECSA loss, the remaining 90% is likely caused by extensive leaching of the TM out of the alloy. Figure 8a presents the modeled increase in ORR kinetic overpotential (η c s ) with aging of Catalyst H. After 30k potential cycles that results in 10% ECSA loss and ∼50% leaching of Co, the model indicates that η (Fig. 4c) . For catalyst L, the increase in η c s is primarily due to loss of ECSA during AST cycling. The M-catalyst electrode showed a similar increase in η c s with AST cycling as the L-catalyst electrode, but this increase was due to the combined effects of Co dissolution and ECSA loss.
Assuming a linear relationship, Fig. 8d summarizes the effect of Co dissolution on the loss in specific activity for ORR. The data suggest that the specific activity depends not only on the initial Co content of the catalyst, but also on the starting catalyst nanoparticle morphology and size. Even with 27-50% Co loss measured following the 30k cycle ASTs, the specific activity of the three Pt-Co alloy catalysts remains higher than 1000 μA/cm 2 -Pt, and exceeds the activity (650 μA/cm 2 -Pt) of pure Pt of similar particle size. The measured specific activities are consistent with the ORR kinetic model and catalyst-specific choice of kinetic parameters.
Electrode resistance.-In the absence of mass transfer effects, Neyerlin et al. 29 showed that the effective proton resistance of the CCL, R c , can be related to the sheet resistance (R c s ) by the following equation,
where ζ is a correction factor that accounts for catalyst utilization. At low current densities, ζ ≈ 0 so that the ORR reaction rate is nearly uniform across the CCL, and R c approaches one-third of the sheet resistance. At high current densities, ζ becomes large, and the ORR reaction shifts toward the membrane-electrode interface. For oxide-coverage dependent Tafel kinetics, Fig. 9a shows the distribution of θ for different cell voltages. Close to OCV (0.9 V), θ is large and varies within a narrow range between 0.5 and 0.6. At lower potentials, 0.7-0.8 V, θ is smaller and highly non-uniform, especially near the membrane-electrode interface. Figure 9c compares the BOT electrode resistances of the three catalysts. In calculating R c , we used the Bruggeman equation 30, 31 for estimating the effective electrode proton conductivity (σ i ) from the bulk conductivity (σ m i ) of the ionomer and the ionomer volume fraction (ε I ) in the electrode:
We have used the following equation to estimate ε I from the ionomer to carbon ratio, Pt to carbon ratio, ionomer density and Pt loading in the electrode (L Pt ):
The estimated R c in Fig. 9c is largest for catalyst H as it has the lowest I/C. R c is smaller for catalyst L than catalyst M, even though the Pt loadings are similar for M and L; however, the in-house prepared MEA with catalyst M was much thicker.
As noted earlier, all three CCLs showed thinning and collapse of secondary pore structures after being subjected to 30k potential cycles. Figure 9d shows the effect of aging on R c due to the measured changes in thickness of the catalyst-H electrode.
Oxygen mass transport.-Having characterized the ORR kinetics and electrode resistance, the overpotential due to O 2 mass transport resistance in the gas channel, diffusion medium and CCL (η m ) can be estimated from the voltage balance equation.
The reinforced membrane used for the MEA with catalyst H remained healthy with aging, in that the H 2 crossover did not increase significantly, and the measured HFR in Fig. 10 is nearly constant and unaffected by Co 2+ uptake. Nafion 211 and DuPont XL-100 membranes used with electrodes M and L exhibited similar behavior. Figure 11a summarizes the inferred η m for the catalyst H CCL as a function of current density and aging. As expected, η m is small for current densities below ∼0.8 A cm −2 and increases rapidly at higher current densities. After 30k cycles, η m has increased by ∼47 mV at 1.5 A cm −2 . We see similar trends in Fig. 11b for electrode M and in Fig. 11c for electrode L.
The data in Fig. 11 does not present any clear evidence of a relationship between Co dissolution and a consequent increase in η m at 100% RH. Catalyst L has the lowest initial Co content and maximum Co retention, but shows the highest increase in η m after cycling. Conversely, the catalyst H has the highest initial Co content and lowest Co retention, but shows the smallest increase in η m after cycling.
As with pure Pt catalysts, we do see a correlation between η m and Pt roughness (S Pt ) defined as the product of Pt loading and the ECSA. We suggest that the catalyst H CCL has the smallest initial η m and the increase in η m with aging occurs because it has the highest initial Pt loading and, therefore, highest S Pt . As substantiation, we present the changes in the limiting current density (i L ) for the three electrodes in Fig. 11d . Here, i L is defined, for convenience, as the current density at which η m equals 450 mV and varies inversely with the O 2 mass transfer resistance (i L = 4FC O 2 /R m ). Figure 11d shows that over the limited range of data, i L correlates with the initial S Pt and the decrease in S Pt due to ECSA loss (Note that whereas is R m ∞ S Pt , i L ∞S Pt ). The i L correlation is nearly the same for catalysts L and M that have similar crystalline, fully alloyed nanoparticle morphologies and mean sizes; the small differences in i L behavior of catalyst H can be attributed to its spongy (porous) morphology. The catalyst H electrode also shows a much lower i L than expected from the trends observed for catalyst L and M electrodes, and the larger roughness factor. Other studies have shown catalyst-specific relationships between η m and the reduced current density, i/i L , that quantify the increase in η m with a decrease in either initial Pt loading or decrease in ECSA caused by potential cycling. Figure 12 provides a breakdown of the change in overpotentials with aging of the three MEAs at 1.5 A cm −2 . After 30k cycles, the H electrode has the smallest increase in total overpotential (90 mV), followed by M (121 mV) and L electrodes (148 mV).
Breakdown of overpotentials.-
At 100% RH, the ohmic overpotentials (η m = i R m ) depend on the membrane used but do not change significantly with potential cycling in spite of significant leaching of Co from catalysts M and H, some of which migrates into the membrane. The modeled ionic overpotential in the CCL includes the effect of compaction/thinning but not any compensating reduction of σ i due to electrode, 6.5% in the M electrode, and 1.1% in the L electrode. Under potential gradients, however, Co 2+ ions are likely to migrate from the membrane to the CCL resulting in significantly higher Co 2+ contamination of the cathode ionomer than these estimates.
The majority of the increase in voltage losses are due to comparable changes in kinetic and mass transfer overpotentials. As discussed earlier, the increase in η c s is related to the initial Pt loading, ECSA loss, Co retention and also the catalyst morphology. At 100% RH, the increase in η c s after 30k cycles is largest for H electrode (54 mV) and comparable for M electrode (43 mV) and L electrode (46 mV).
The increase in η m is primarily related to the initial Pt loading and ECSA loss, and Co leaching into the ionomer is only a secondary factor. At 100% RH, the increase in η m after 30k cycles is smallest for H electrode (45 mV) and larger for M electrode (86 mV) and L electrode (106 mV).
As a perspective, we compare our results with data from some literature studies in which fresh MEAs were purposely doped with transition metal ion impurities. Greszler et al. 33 measured losses in stack voltage that were minor for up to 30% Co 2+ site occupancy under humidified conditions (110% RH at outlet), but substantial for dry operation (80% RH at outlet). With Ni 2+ as the contaminant, Sulek et al. 34 observed quantifiable losses in cell voltage at 100% RH with only 10% site occupancy, and much higher transport-related losses at 30% site occupancy. Finally, Braaten et al. 35 measured limiting currents and deduced enhanced oxygen transport resistances that scale with Co 2+ site occupancy (5-100%) and are much higher if the operating conditions are dry (40% RH) rather than wet (100% RH).
Conclusions
We have investigated the durability of three SOA Pt-Co alloy cathode catalysts under cyclic potentials. STEM-EDS and WAXS data confirm that Co in the catalysts is unstable at the operating fuel cell potentials, and leaches out of the cathode catalyst and into the ionomer. Even with significant (27-50%) Co loss, the specific activity of all the Pt-Co alloy catalysts for ORR remains higher than 1000 μA/cm 2 -Pt, and exceeds the activity (650 μA/cm particle size. The measured specific activities are consistent with a kinetic model and catalyst-specific choice of kinetic parameters. The majority of the observed voltage losses with aging are due to increased kinetic and mass transfer losses. In spite of substantial Co 2+ uptake in the CCL ionomer and the membrane, the measured HFR and modeled electrode ionic resistance do not show significant changes at 100% RH.
The ORR kinetic losses depend on specific activity, ECSA, Pt loading, initial Co content and the catalyst morphology. The observed increase in the kinetic overpotentials with aging were due to low Co retention in the spongy catalyst with high initial Co content, ECSA loss in the fully alloyed crystalline catalyst with low initial Co content, and combined effects of Co dissolution and ECSA loss in the crystalline catalyst with medium Co content.
The modeled increase in mass transfer overpotentials with aging correlates with Pt loading and ECSA loss and depends on the initial catalyst morphology. There is no clear evidence of a relationship between Co dissolution (i.e., effect of Co 2+ on O 2 permeability in ionomer film) and the resulting increase in η m at 100% RH. However, Co dissolution contributes to ECSA loss. As with pure Pt catalysts, we see a correlation between η m and Pt roughness (cm 2 Pt /cm 2 ) which is defined as the product of Pt loading and ECSA.
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